Development of hematopoietic stem cells (HSCs) and their immediate progeny is maintained by the interaction with cells in the microenvironment. We found that hematopoiesis was dysregulated in Id1 ؊/؊ mice. Although the frequency of HSCs in Id1 ؊/؊ bone marrow was increased, their total numbers remained unchanged as the result of decreased bone marrow cellularity. In addition, the ability of Id1 ؊/؊ HSCs to self-renew was normal, suggesting Id1 does not affect HSC function. Id1 ؊/؊ progenitors showed increased cycling in vivo but not in vitro, suggesting cell nonautonomous mechanisms for the increased cycling. Id1 ؊/؊ HSCs developed normally when transplanted into Id1 ؉/؉ mice, whereas the development of Id1 ؉/؉ HSCs was impaired in Id1 ؊/؊ recipients undergoing transplantation and reproduced the hematologic features of Id1 ؊/؊ mice, indicating that the Id1 ؊/؊ microenvironment cannot support normal hematopoietic development. Id1 ؊/؊ stromal cells showed altered production of cytokines in vitro, and cytokine levels were deregulated in vivo, which could account for the Id1 
Introduction
Hematopoiesis occurs in the bone marrow (BM) of adult mammals, where developing hematopoietic cells are found in close association with cells that constitute the microenvironment or niche. It is known that hematopoiesis is regulated by both cell-autonomous and -nonautonomous mechanisms. For example, cells within the BM microenvironment produce soluble or membrane-bound cytokines, integrins, extracellular matrix, and other proteins that regulate the survival, self-renewal, and development of hematopoietic cells (extrinsic or cell-nonautonomous). [1] [2] [3] [4] [5] [6] [7] [8] [9] In addition, the growth and differentiation of hematopoietic stem cells (HSCs)/ hematopoietic progenitor cells (HPCs) is controlled by specific gene-expression programs within hematopoietic cells (intrinsic or cell-autonomous). 10, 11 Together, these mechanisms ensure that the BM microenvironment maintains a constant output of hematopoietic cells and allows for increased HPC proliferation in response to increased demand. However, the precise mechanism(s) by which the microenvironment maintains hematopoiesis are not completely known.
The Id proteins are helix-loop-helix transcription factors that regulate several developmental processes, including neurogenesis, myogenesis, and hematopoiesis. [12] [13] [14] [15] [16] Id1 protein expression is increased during the early stages of myeloid development, and overexpression of Id1 enhances the proliferation of HSCs/HPCs while inhibiting their differentiation, suggesting that Id1 intrinsically regulates hematopoiesis. 14, 17, 18 However, Id1 is widely expressed in other tissues and can affect the proliferation and differentiation of cells that constitute the hematopoietic microenvironment, including osteoblasts, endothelial cells (ECs), adipocytes, fibroblasts, osteoclasts, and macrophages. [19] [20] [21] [22] [23] [24] In addition, Id1 protein is a downstream mediator of bone morphogenetic proteinand Wnt-induced signaling in mesenchymal stem cells and regulates the differentiation of osteoblasts and adipocytes in vitro, suggesting that Id1 could regulate hematopoiesis in a cellnonautonomous manner by regulating the development of stromal cells in vivo. [25] [26] [27] [28] [29] Furthermore, defects in bone formation and angiogenesis have been reported in Id1/Id3 mutant mouse model systems. 15, 30 On the basis of these reports, we hypothesized that Id1 also may regulate normal hematopoietic development via cell-nonautonomous mechanisms. We demonstrate here that Id1 Ϫ/Ϫ mice show impaired hematopoietic development, including increased numbers of neutrophils and monocytes and decreased numbers of lymphocytes and platelets in peripheral blood (PB). In addition, we observed decreased BM cellularity and increased HPC cycling. By using BM transplantation assays, we discovered that Id1 Ϫ/Ϫ BM cells (BMCs) develop normally when transplanted into Id1 ϩ/ϩ recipients, whereas Id1 ϩ/ϩ BMCs have an impaired ability to repopulate irradiated Id1 Ϫ/Ϫ recipients. Thus, the loss of Id1 expression in the BM microenvironment impairs normal hematopoietic development, demonstrating that Id1 is critical for BM microenvironment function.
Methods

Experimental mice
Id1 Ϫ/Ϫ mice were generously provided by Dr Robert Benezra (Memorial Sloan-Kettering Cancer Center). C57BL/6-Ly5.2 (CD45.1) mice were obtained for experiments from the animal production area at NCIFrederick. Animal care was provided in accordance with the procedures outlined in the "Guide for Care and Use of Laboratory Animals" (National Institutes of Health, 1996) . All animal studies were approved by the Animal Care and Use Committee at the National Cancer Institute.
PB and BM analysis
Freshly harvested PB cells (PBCs) were analyzed by the use of a CDC Technologies Hemavet blood counter calibrated exclusively for mouse and The online version of this article contains a data supplement.
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by differential analysis of blood smears. Total nucleated BMs and spleen cell cellularity was determined by hemacytometer counting. For flow cytometry analysis, single-cell suspensions were prepared from PB, BM, and spleens in Dulbecco phosphate-buffered saline supplemented with 0.1% fetal bovine serum. Cells were stained with the monoclonal antibodies that recognize specific-lineage Gr-1 and Mac-1 for myeloid cells, B220 and CD43 for B cells, and TER119 and CD71 for erythroid cells (all lineage-specific antibodies were purchased from BD Pharmingen) and analyzed by FACS-LSRII, CellQuest software (BD Biosciences). Mouse HSC/HPCs were purified from the BMCs of 12-to 14-week-old mice by lineage depletion of BMCs with lineage-specific antibodies obtained from BD Pharmingen, followed by flow cytometry cell sorting with antibodies directed against interleukin (IL)-7 receptor, c-Kit, Sca-1, CD34, and anti-Fc␥RII/III by the use of FACSAria (BD Biosciences) as previously described. 31 In vitro assays for HPC growth HPC growth was determined by plating PB, BM, and spleen cells in colony-formation assays (CFU-c) at the indicated densities and growth factors as previously described. 31 For limiting dilution analysis, Lin Ϫ IL7R␣ Ϫ Sca-1 ϩ c-Kit ϩ (LSK) and Lin Ϫ IL7R␣ Ϫ Sca-1 Ϫ c-Kit ϩ (LS Ϫ K) cells were sorted directly into individual wells of a flat-bottomed 96-well plate containing 100 L of complete Iscove modified Dulbecco media with the indicated cytokine cocktail. After 10 days, the number of negative wells or those wells containing no cells or smaller clusters of less than 10 cells were counted and plotted against the number of cells plated per well. For long-term culture-initiating cell (LTC-IC) assays, feeder layers were established according to a protocol provided by StemCell Technologies, after which the cells were irradiated. Purified Lin Ϫ Sca-1 ϩ cells were seeded at limiting dilution onto the feeder layers. The contents of individual wells were removed after 4 weeks, plated into CFU-c assays, and then scored for wells with positive growth (Ն 1 CFU-c) and wells negative for CFU-c. The frequencies were estimated from the slope of the regression line generated from the limit dilution analysis data.
BM transplants
BMCs from Id1 Ϫ/Ϫ and Id1 ϩ/ϩ (Lu5.1) mice were transplanted alone in serial transplantation assays or with competitor BMCs (C/57BL6-Ly5.2) in competitive repopulation assays at the indicated cell doses into C/57BL6-Ly5.2 recipient mice. For reverse transplantation and homing assay, Id1 Ϫ/Ϫ and Id1 ϩ/ϩ (Ly5.1) mice also were used as recipients. Recipient mice were irradiated with 11 Gy whole-body irradiation. BMCs were injected intravenously into the lateral tail vein of recipient mice. Animals were monitored daily for signs of morbidity and killed 4 months after transplantation for competitive repopulation assays and at the indicated times for serial transplantation assays.
Cytokine/chemokine quantitation
Serum samples were collected from Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice for chemokine/ cytokine quantitation. Results were reported as the concentration of each cytokine, using a minimum of 50 counted beads.
Real-time RT-PCR
Primary BMCs were harvested 4 weeks after they were established according to the protocol provided by StemCell Technologies. Total RNA was isolated by the use of RNeasy Quick spin columns (QIAGEN). Eluted RNA samples were reverse-transcribed with the SuperScript III First-Strand Synthesis System (Invitrogen) for reverse-transcription polymerase chain reaction (RT-PCR). For PCR, 12.5 L of quantitative PCR master mix (Superarray) was mixed with 1 L of primers (see supplemental Table 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). The following parameters were used for real-time PCR: 95°C for 5 minutes, followed by 45 cycles of 95°C for 1 minute, 58°C for 40 seconds, and 72°C for 1 minute. All experiments were performed in triplicate, the relative expression differences were determined, and cDNA input was compensated by normalization to the expression of glyceraldehyde-3-phosphate dehydrogenase.
Statistical analysis
Statistical analyses were performed by the use of Microsoft Excel and GraphPad Prism software. The significance of the difference between groups in the experiments was evaluated by analysis of variance and the Student t test. Mouse survival was compared by Kaplan-Meier survival curves and the log rank test.
Results
Hematopoiesis is dysregulated in Id1 ؊/؊ mice Id1 mRNA expression is increased during myeloid differentiation and is mainly expressed in immature myeloid progenitors. 12, 14 In addition, overexpression of Id1 in HSC promotes myeloid development while inhibiting lymphoid and erythroid cell differentiation, suggesting that Id1 may regulate the early stages of a myeloid cell's fate. 17, 18 To test this hypothesis, we evaluated myeloid development in Id1 Ϫ/Ϫ mice. Complete blood counts revealed that granulocytes and monocytes counts in PBs were significantly increased in Id1 Ϫ/Ϫ mice, whereas lymphocytes and platelets counts were decreased (Table 1) . No statistical differences in hemoglobin levels and the total leukocyte count were observed between Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice. These results were confirmed by immunophenotypic analysis of PB by the use of antibodies directed against lineage-specific antigens, which showed increased percentages of Gr-1 ϩ /Mac-1 ϩ granulocytes and F4/80 ϩ macrophages and decreased percentages of B220 ϩ and CD4 ϩ lymphocytes ( Figure 1A) .
Analysis of PBCs revealed that hematopoietic development may be impaired in Id1 Ϫ/Ϫ mice; therefore, we analyzed developing hematopoietic cells in BM from Id1 Ϫ/Ϫ mice. We found that the total nucleated BMC numbers were decreased by 29% in Id1 Ϫ/Ϫ mice ( Figure 1B ). In comparison, the total cell number of For personal use only. on October 28, 2017. by guest www.bloodjournal.org From splenocytes was not statistically different between Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice; however, a tendency toward decreased cellularity was observed in Id1 Ϫ/Ϫ mice ( Figure 1B ). Because Id1 can promote cell proliferation and inhibit cell differentiation, the decreased BM cellularity in Id1 Ϫ/Ϫ mice could be attributable to a defect in the proliferation or differentiation of HSC/HPCs. Therefore, we evaluated hematopoietic development in Id1 Ϫ/Ϫ BM by immunophenotypic analysis. The percentage of Gr-1 ϩ /Mac-1 ϩ -cell granulocytes was increased in Id1 Ϫ/Ϫ BM, whereas the percentage of TER119 ϩ erythroid or B220 ϩ B cells was decreased compared with Id1 ϩ/ϩ BM ( Figure 1C ; supplemental Figure 1A ), suggesting that Id1 is required for the maintenance of tri-lineage development in the BM. Because BMCs are reduced by 29% in Id1 Ϫ/Ϫ mice, we determined total cell numbers for specific cell lineages and found that TER119 ϩ erythroid and B220 ϩ B cells were markedly decreased and that Gr-1 ϩ cells were also decreased in Id1 Ϫ/Ϫ BM, indicating that the hematopoietic output was deregulated ( Figure 1D ). Finally, no significant differences in the expression of CD4 and CD8 antigens were observed on thymocytes by flow cytometry, suggesting that T-lymphocyte development was not affected in Id1 Ϫ/Ϫ mice (supplemental Figure 1B) . Collectively, myeloid, lymphoid, and erythroid development is dysregulated in Id1 Ϫ/Ϫ mice, suggesting that Id1 is required for normal hematopoiesis.
Id1 is not required for HSC self-renewal or maintenance
Hematopoietic output is sustained by HSC/HPCs present in the BM; therefore, we evaluated whether defects in the HSC/HPC 
, and megakaryocyte erythroid progenitors (MEP; Lin Ϫ IL7R␣ Ϫ cKit ϩ -Sca-1 Ϫ CD34 Ϫ Fc␥RII/III Ϫ ) in Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BM were normal. We found that the percentage of CD34loLSK, LSK, and CMP was increased in Id1 Ϫ/Ϫ BM (Figure 2A ; supplemental Figure 2) . However, the absolute number of CD34 lo LSK and LSK in BM were not statistically different between Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice (Figure 2A) , suggesting that the increased percentage of HSC was caused by the altered development of differentiated cells in BM and decreased BM cellularity. In comparison, there was a decrease in the absolute number of MEPs and GMPs of Id1 Ϫ/Ϫ BM, whereas the absolute number of CMPs was preserved (Figure 2A ). In addition, Id1 Ϫ/Ϫ BM showed increased numbers of myeloid CFU-c compared with Id1 ϩ/ϩ BM, which is likely attributable to the increased percentage of LSKs and CMPs in Id1 Ϫ/Ϫ BM ( Figure 2B ).
To determine whether the function of HSC/HPCs could explain the hematopoietic phenotypes observed in Id1 Ϫ/Ϫ mice, Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BMC were compared in serial transplantation and competitive repopulation assays. To examine HSC self-renewal, BMCs (Ly5.1, 10 6 ) from Id1 Ϫ/Ϫ or Id1 ϩ/ϩ mice were transplanted to irradiated (11 Gy) recipient (Ly5.2) mice. At 10 weeks after transplantation, the same number of BMCs from primary recipients was injected into secondary, tertiary, and quaternary recipients at 10-week intervals. The survival of transplanted recipients and the percentages of donor cells were measured in every transplantation. Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BMC repopulated equally in serially transplanted mice until the fourth transplantation, when the donor cell-repopulating ability from both groups was lost, and mice did not survive (Figure 2C-D) . In support of these data, Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice have the same life span in our animal facility (supplemental Figure 3) . These data suggest that loss of Id1 does not significantly affect the self-renewal of HSC.
To determine whether HSC activity was preserved in Id1 Ϫ/Ϫ mice, equal numbers (10 6 ) of donor and host BMCs were transplanted (10 6 ) from Id1 Ϫ/Ϫ or Id1 ϩ/ϩ mice were mixed with BM competitor cells (10 6 ) and were transplanted into irradiated recipient mice. Donor cell chimerism in recipient BMs was evaluated 4 months after transplantation. Left panel graph shows competitive repopulation unit (CRU) of 10 6 BMC of each group (*P ϭ .03), whereas right panel graph shows CRU data that was normalized by use of the mean total BMC for each group (P ϭ .15). The data are presented as the mean Ϯ SEM (n ϭ 6). Figure 2E left panel) , suggesting that Id1 Ϫ/Ϫ BM has increased HSC activity. This finding might be anticipated because Id1 Ϫ/Ϫ BMCs have increased percentages of HSC by immunophenotypic analysis. However, normal HSC activity was observed when BM cellularity was considered. Therefore, when we combined the HSC repopulation ability with BM cellularity, we determined that Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice had equivalent HSC activity ( Figure 2E right panel) . Thus, Id1 Ϫ/Ϫ BM have immunophenotypically and functionally intact HSCs.
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Increased proliferation of Id1 ؊/؊ hematopoietic progenitors is extrinsically regulated in vivo
Id1 promotes the proliferation of many cell types, in part, by decreasing the expression of Cdk inhibitors, including p16 and p21. 23, 32 Therefore, we hypothesized that the loss of Id1 Ϫ/Ϫ in HPCs may result in decreased cell cycling, which could contribute to decreased BM cellularity in Id1 Ϫ/Ϫ mice. Therefore, we compared the proliferation of HSC (LSK) and committed myeloid progenitors (LS Ϫ K) in Id1 Ϫ/Ϫ BM by labeling BMCs with 5-bromodeoxyuridine (BrdU) during the course of 3 days in vivo. Contrary to our expectations, there were increased percentages of Id1 Ϫ/Ϫ LS Ϫ K cells in the S phase compared with Id1 ϩ/ϩ BMCs in vivo ( Figure 3A) .
To evaluate whether the enhanced cell cycling of Id1 Ϫ/Ϫ HPC was cell autonomous in vivo, we purified LSK and LS Ϫ K progenitors from Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BM and compared their proliferation in response to multiple cytokines in limiting dilution analysis assays in vitro. For these experiments, the frequency of wells negative for the presence of cell colonies or clusters was plotted against the number of cells seeded. We found no difference in proliferation of Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BMC in response to cytokines, with the frequency of LSK being 1/1.0 cell plated for Id1 Ϫ/Ϫ and 1/1.1 cell for Id1 ϩ/ϩ cells and the frequency of LS Ϫ K being 1/26 cells plated for Id1 Ϫ/Ϫ and 1/25 cells for Id1 ϩ/ϩ cells ( Figure 3B) . Thus, the loss of Id1 enhances HPC proliferation in vivo but does not affect their ability to proliferate ex vivo, suggesting that the increased cell cycling of Id1 Ϫ/Ϫ HPC in vivo might be the result of altered extrinsic signals.
Id1 ؊/؊ mice have defects in the hematopoietic microenvironment
Id1 is widely expressed in many cell types, including cells that constitute the BM microenvironment, and thus could affect their development or function. Therefore, the loss of Id1 in the BM microenvironment could contribute to the dysregulated hematopoiesis in Id1 Ϫ/Ϫ mice. To test this hypothesis, we evaluated the repopulating ability of Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BMCs in Id1 Ϫ/Ϫ or Id1 ϩ/ϩ microenvironment by using BM transplantation assays. Hematopoietic cells from Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice (Ly5.1) were transplanted into irradiated Id1 ϩ/ϩ recipient (Ly5.2) mice. At 4 months after transplantation, Id1 Ϫ/Ϫ and Id1 ϩ/ϩ HSC repopulated myeloid and erythroid lineages to the same extent in the Id1 ϩ/ϩ recipients ( Figure 4A ). Therefore, loss of Id1 in hematopoietic cells did not confer a functional defect to the ability of HSC to repopulate the hematopoietic cells in the Id1 ϩ/ϩ recipient BM environment.
To examine the contribution of Id1 in the hematopoietic microenvironment, the repopulation capacity of Id1 ϩ/ϩ hematopoietic cells in irradiated Id1 Ϫ/Ϫ or Id1 ϩ/ϩ recipient mice was evaluated. Total BMCs (Ly5.2) from Id1 ϩ/ϩ mice were injected into irradiated recipients (Id1 Ϫ/Ϫ or Id1 ϩ/ϩ , Ly5.1). All mice showed engraftment and survived for more than 4 months. However, donor BMCs (Ly5.2) transplanted into Id1 Ϫ/Ϫ recipients showed impaired hematopoietic development that was similar to the hematologic phenotype of Id1 Ϫ/Ϫ mice, including decreased BM cellularity ( Figure 4B ), increased percentages of myeloid cells, and decreased erythropoiesis ( Figure 4C ) compared with Id1 ϩ/ϩ recipients. Collectively, these results indicate that loss of Id1 expression in the BM microenvironment leads to deregulated hematopoietic development and contributes to the hematopoietic phenotypes observed in the Id1 Ϫ/Ϫ mice.
Given that Id1 has been implicated in regulating expression of genes for cell adhesion, we hypothesized that Id1 deletion might diminish the ability of BMCs to home into the BM compartment after transplantation and contribute to the dysregulated repopulation of Id1 Ϫ/Ϫ BMCs to Id ϩ/ϩ irradiated hosts. To rule out this possibility, we evaluated the homing ability of Id1 Ϫ/Ϫ BMCs to Id1 ϩ/ϩ recipient mice, and Id1 ϩ/ϩ BMCs to Id1 Ϫ/Ϫ recipient mice were compared. Donor BMCs (Id1 Ϫ/Ϫ or Id1 ϩ/ϩ BMCs) were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes) and then transplanted into mice to measure the homing of BMCs to the BM and spleen of recipient mice (Id1 Ϫ/Ϫ or Id1 ϩ/ϩ ) at 24 hours after transplantation. The results showed no difference in the percentages of CSFE-labeled Id1 ϩ/ϩ and Id1 Ϫ/Ϫ donor BMCs that homed to the spleen and the BM of Id1 Ϫ/Ϫ or Id1 ϩ/ϩ ( Figure 5A  left panel) , suggesting that loss of Id1 did not affect homing. (24 replicates per cell concentration) with cIMDM media containing cytokines (mouse SCF, 100 ng/mL; human IL-6, 50 ng/mL; human Flt3, 100 ng/mL; and human Tpo, 100 ng/mL for LSK and mouse SCF,100 ng/mL; mouse IL-3, 30 ng/mL; and mouse GM-CSF, 100 ng/mL for LS Ϫ K). Cell proliferation, including colonies (Ͼ 50 cells) and clusters (Ͼ 10 and Ͻ 50 cells), was determined after 10 days of culture, and then the log of the percentage of negative wells was plotted against the number of cells per well. The frequency of a positive colony or cluster is defined as the inverse of the number of seeded cells that corresponds to 37% negative cells.
These results were confirmed in experiments comparing CFSE ϩ -labeled purified Lin Ϫ hematopoietic progenitors ( Figure 5A  right panel) . Therefore, the data indicate that Id1 is a physiologic regulator of proper BM microenvironment function and required for normal hematopoiesis.
Loss of Id1 leads to altered cytokine and chemokine production in vitro and in vivo
Osteoblasts, osteoclasts, and ECs are essential components of hematopoietic microenvironment, and Id proteins are important regulators for EC, osteoblasts, and osteoclast development. 24, 30, 33 Therefore, we hypothesized that loss of Id1 may affect the development of bone or blood vessels in Id1 Ϫ/Ϫ mice. However, we found no differences in osteogenesis in Id1 Ϫ/Ϫ mice in vivo and in vitro when comparing (1) femoral and tibial bone areas in hematoxylin and eosin-stained bone sections (supplemental Figure  4A) , (2) picrosirius red-stained femur and tibia sections (supplemental Figure 4B ), and (3) osteogenic activity of BMC (supplemental Figure 4C ) between Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice. In addition, there were no differences in Masson trichrome staining for collagen production and tartrate-resistant acid phosphatase staining for osteoclasts between the 2 groups of mice (supplemental Figure 4B) . Finally, we found no difference in blood-vessel formation between Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BM sections that were stained with VEGF receptor 2 and antiplatelet/endothelial cell adhesion molecule-1 (CD31) antibodies (supplemental Figure 5) . These data suggest that loss of Id1 does not affect bone or blood-vessel formation in the hematopoietic microenvironment, which could account for the impaired microenvironment function in Id1 Ϫ/Ϫ mice.
To confirm that Id1 is required for normal stromal cell function, primary stromal cell cultures were established from Id1 Ϫ/Ϫ and Id1 ϩ/ϩ BMC after 4 weeks. The stromal cultures were irradiated and then tested for their ability to support the growth of purified Lin Ϫ Sca-1 ϩ hematopoietic progenitors in LTC-IC assays. Id1 Ϫ/Ϫ stromal cells supported enhanced proliferation of Lin Ϫ Sca-1 ϩ hematopoietic progenitors as measured by increased numbers of CFU-c and increased cell numbers in wells containing Id1 Ϫ/Ϫ stroma compared with Id1 ϩ/ϩ stromal cells. Specifically, the frequency of Lin Ϫ Sca-1 ϩ progenitor growth on Id1 Ϫ/Ϫ stroma was increased from 1 in 226.3 cells plated for Id1 ϩ/ϩ to 1 in 129.5 cells plated for Id1 Ϫ/Ϫ cells ( Figure 5C ). Thus, loss of Id1 expression in primary stromal cell cultures promotes HPC proliferation, which also was observed in Id1 Ϫ/Ϫ mice in vivo. Therefore, these stromal cultures are representative of cells found in the Id1 Ϫ/Ϫ microenvironment and could be used to further understand how loss of Id gene expressions impairs proper BM microenvironment function.
The development of hematopoietic cells is affected by hematopoietic growth factors, cytokines, extracellular matrix, and chemokines secreted by BM stromal cells. Therefore, to determine which genes were affected by the loss of Id1 and could contribute to the Id1 Ϫ/Ϫ hematopoietic phenotype, we used quantitative RT-PCR to evaluate the expression of genes produced by 4-week primary stromal cell cultures ( Figure 5C ). We found that SCF, M-CSF, osteopontin, fibroblast growth fadctor-1, transforming growth factor-␣, and SDF-1 mRNA expression were decreased in Id1 Ϫ/Ϫ stromal cells relative to Id1 ϩ/ϩ stromal cells. However, G-CSF, and GM-CSF mRNA levels were significantly increased. Thus, these PCR data indicate that loss of Id1 affects the production of stromal cell-derived cytokines, which could contribute to impaired hematopoiesis Id1 Ϫ/Ϫ mice. These data suggested that cytokine/ chemokine production might be altered in vivo; therefore, we assayed serum samples from Id1 Ϫ/Ϫ and Id1 ϩ/ϩ mice for cytokine levels. We observed that serum levels of IL-6, tumor necrosis factor-␣, VEGF, GM-CSF, SCF, and M-CSF were decreased, whereas the serum levels of IL-3, G-CSF, and SDF-1␣ were unaffected ( Figure 5D ). Although it was anticipated that cytokine RNA expression levels in stromal cell cultures in vitro might be different from serum levels in vivo, we found that M-CSF and SCF were decreased from both sources. Collectively, we found that the production of stromal cell-derived cytokines was altered in vitro and in vivo in Id1 Ϫ/Ϫ mice.
Discussion
Id1 is expressed in hematopoietic cells and BM stromal cells known to support hematopoiesis, suggesting that Id1 may regulate For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From hematopoiesis by cell-autonomous and cell-nonautonomous mechanisms. 12, 14 We discovered that Id1 is physiologically required for normal hematopoietic microenvironment function in vivo, using Id1 Ϫ/Ϫ mice. Specifically, we found that Id1 Ϫ/Ϫ mice have a novel hematopoietic phenotype, including (1) increased neutrophils and monocytes and decreased B cells and platelets in PB; (2) decreased BM cellularity, which resulted in decreased absolute numbers of erythroid, myeloid, and B cells in the BM; (3) increased percentages of HSC, whereas their absolute numbers and function were normal; and (4) increased numbers of HPC in S phase. In addition, we determined that the Id1 Ϫ/Ϫ HPC have the same proliferation potential as Id1 ϩ/ϩ HPC in vitro, suggesting that the enhanced cycling of Id1 Ϫ/Ϫ HPC in vivo was the result of extrinsic or cell-nonautonomous mechanisms. In agreement with this hypothesis, Id1 ϩ/ϩ HSC/HPC showed impaired hematopoietic development in Id1 Ϫ/Ϫ mice, whereas the Id1 Ϫ/Ϫ BMCs developed normally in an Id1 ϩ/ϩ microenvironment. Thus, Id1 is required for the proper function of the hematopoietic microenvironment.
Although the authors of previous studies 34, 35 showed that Id1 is required for myeloid differentiation, HSC maintenance, and selfrenewal by intrinsic effects, our studies indicate that the Id1 Ϫ/Ϫ mice phenotypes, including enhanced myeloid development and increased progenitor cycling, were not intrinsic to the cells but rather caused by deregulated cytokine production and MSC development in the microenvironment of ID1 Ϫ/Ϫ mice. In addition, the HSC compartment was unaffected in our experiments. In this regard, Id1 Ϫ/Ϫ mice continue to produce hematopoietic cells during the normal life span of the animal, suggesting that HSC can function normally in the absence of Id1. Therefore, the loss of Id1 expression does not affect the self-renewal or ability of HSC/HPC to undergo myeloid differentiation.
Loss of Id1 in fibroblasts results in premature cell senescence, and decreased expression of Id1 in MSC is associated with senescence during passage in vitro. 23, 36, 37 Thus, MSCs may undergo accelerated senescence in Id1 Ϫ/Ϫ BM, resulting in decreased frequencies and total numbers in BM. It has been proposed that the transplanted MSCs induce tissue regeneration via the production of cytokines, which promotes the differentiation and growth of endogenous tissue-specific stem/progenitor cells. 38 Furthermore, cells undergoing senescence secret numerous cytokines/chemokines that could affect neighboring cells. 39, 40 In this regard, we determined that primary BM stromal cell cultures derived from Id1 Ϫ/Ϫ mice showed altered cytokine and chemokine production, including increased levels of G-CSF and GM-CSF expression, and decreased levels of SCF, M-CSF, SDF-1, and osteopontin expression in comparison with Id1 ϩ/ϩ stromal cell cultures. We also found that cytokine levels in the serum of Id1 Ϫ/Ϫ mice also were deregulated, suggesting that they could explain, in part, the hematopoietic phenotypes of Id1 Ϫ/Ϫ mice. For example, increased production of G-CSF and GM-CSF in BM microenvironment could promote HPC proliferation, increased granulocytes and monocytes, and increased mobilization of cells from the BM, 41 which could result in a decrease in BM cellularity and an increase in PB granulocytes and monocytes ( Figure 6 ). However, it is difficult to determine whether the observed hematopoietic defects are caused by the direct or indirect effects of these and other cytokines. Therefore, several questions remain to be addressed, including the location of the progenitor specific niches(s) affected by the loss of Id1 and the precise mechanisms(s) or genes affected within each cell type. It is difficult to answer these questions using Id1 Ϫ/Ϫ mice because more than 1 cell type is involved in the formation of the BM niche, and distinctive stromal cells produce different combinations of cytokines. Therefore, to precisely understand the mechanism(s) for the hematopoietic phenotypes in the Id1 Ϫ/Ϫ mice, Id1 conditional mouse models are needed to evaluate loss of Id1 in specific stromal cell lineages.
Vascular endothelium provides a hematopoietic microenvironment for HSC/HPC development. 9, 42, 43 However, we did not detect any defect in vessel formation in Id1 Ϫ/Ϫ mice BM by immunohistochemical staining of BM section. However, it has been reported that Id1 ϩ / Ϫ Id3 Ϫ/Ϫ mice show decreased numbers of endothelial progenitor cells (EPCs), which was correlated with their resistance to tumor formation in vivo. 15, 30 It is possible that Id genes compensate with each other to regulate the development of hematopoietic microenvironment. Therefore, conditional deletion of id1 and id3 genes may show more severe microenvironmental defects. In support of this hypothesis, deletion of any 2 Id genes results in embryonic lethality. 44 Recently Gao et al 45 showed that Id1 knockdown in EPC resulted in decreased metastasis of melanoma. Therefore, it would also be interesting to study MSCs in comparison with EPCs in conditional Id1 Ϫ/Ϫ Id3 Ϫ/Ϫ mice to determine whether resistance to tumor metastasis is caused by the lack of EPC or MSC.
Several genes, including Rb and p27, are required for proper function of hematopoietic cells and BM stromal cells, although the precise mechanism(s) are not currently known. 46, 47 Therefore, when evaluating hematopoietic phenotypes in knockout mouse models, it is possible that any observed hematopoietic phenotype could be the result of loss of gene function in hematopoietic cells or loss of gene function in the BM microenvironment (or both). In this study, we showed that Id1 was not required for HSC/HPC Figure 6 . Summary of Id1 ؊/؊ hematopoietic phenotypes. Id1 Ϫ/Ϫ mice show decreased BM cellularity, which results in decreased absolute numbers of B cells and erythroid cells, while myeloid cell development is enhanced. Id1 Ϫ/Ϫ LSK and LS Ϫ K progenitor cell cycling is increased in vivo but not in vitro. Cytokine and chemokine production is dysregulated in stroma cultures in vitro and in vivo, suggesting that Id1 is required for proper microenvironment function. As a result of dysregulated growth factor production, Id1 Ϫ/Ϫ mice show enhanced myeloid proliferation and differentiation, increased egress of myeloid cells from the BM, and increased neutrophil and monocyte numbers in the PB.
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In summary, it is anticipated that future studies of Id proteins will lead to improved understanding of the BM microenvironment and how the niche contributes to the regulation of normal hematopoiesis. A further mechanistic understanding of how specific genes contribute to proper BM microenvironment function could lead to new therapies to enhance BM transplantation and a better understanding of the tumor microenvironment to treat leukemias.
